Background and objectives Peritonitis is a major infectious complication in peritoneal dialysis patients, and intraperitoneal antibiotic administration is preferred to ensure maximal antibiotic concentrations at the site of infection. This study aimed to describe the plasma and infection site pharmacokinetics of intraperitoneal gentamicin in patients with peritonitis.
Introduction
Peritonitis is a major infectious complication in peritoneal dialysis (PD) patients and remains one of the main reasons for the transfer of many patients from PD to hemodialysis, accounting for about 42% of all transfers (1, 2) . Antibiotic therapy for the treatment of peritonitis may be administered by the intravenous, oral, or intraperitonal (ip) route. The ip route is preferred, because it ensures maximal antibiotic concentrations in the peritoneum and cells lining the peritoneal cavity (3) .
As much as 65%-100% of an antibiotic dose administered ip can be absorbed into the systemic circulation (4) . The work by Somani et al. (4) describes what has been termed the unidirectional transport of antibiotics where there is rapid distribution of the drug from the peritoneal space into the systemic circulation compared with slow distribution of drug into dialysate after intravenous administration (4) . This has been shown for gentamicin (4) and tobramycin (5) , and it is best explained by the small volume of the peritoneal cavity compared with the larger systemic volume of distribution of aminoglycosides. Peritonitis alters the permeability of the peritoneal membrane in PD patients, leading to increased systemic absorption of drugs across the peritoneal membrane compared with volunteer PD patients without peritonitis (6) . Furthermore, poor systemic clearance in PD patients leads to drug accumulation in the systemic circulation, increasing the potential for toxicity of renally eliminated antibiotics such as gentamicin.
Gentamicin is an aminoglycoside antibiotic, and it is indicated for empirical Gram-negative cover in PD-related peritonitis (7) . Aminoglycosides display concentration-dependent activity, with maximal bacterial killing occurring at high peak drug concentrations (8) . A peak to minimum inhibitory concentration (Cmax:MIC) ratio of 8-10 for aminoglycosides has been associated with maximal antibiotic efficacy (9) . Aminoglycosides also display a prolonged postantibiotic effect (PAE), where bacterial growth continues to be inhibited even when drug concentrations fall below the MIC of the bacteria (10) . These pharmacodynamic characteristics suggest that dosing regimens that achieve high peak concentrations are optimal and that prolonged antibiotic exposure is not advantageous.
Many studies have examined the effectiveness and outcomes of ip aminoglycoside therapy in PD-related peritonitis (11) (12) (13) (14) (15) (16) ; however, only a few small studies have reported the pharmacokinetics of ip gentamicin (4, 6, (17) (18) (19) (20) . Most of these pharmacokinetic studies were conducted in volunteer PD patients without peritonitis (4, 17, 19) , and therefore, they do not account for the altered pharmacokinetics in patients with peritonitis. It follows that pharmacokinetic data that support the current dosing recommendations for gentamicin may not be optimal.
This study aims to describe the infection site and plasma pharmacokinetics of ip gentamicin in PD patients with peritonitis. We also examined the effect of peritoneal membrane transporter status of PD patients on the systemic absorption of ip gentamicin.
Materials and Methods

Patient Population
We have previously published a protocol paper on this study (21). This prospective pharmacokinetic study involved 24 PD patients (both anuric and nonanuric) and was a convenience sample. Patients who presented with clinical signs and symptoms of peritonitis (abdominal pain, nausea, vomiting, diarrhea, fever, or cloudy dialysate) and were prescribed empirical ip antibiotic therapy by the treating clinician were included in the study. The clinical diagnosis of peritonitis was confirmed by PD effluent cell count, differential, and culture. Patients above the age of 18 years who have been receiving continuous ambulatory PD or automated PD (APD) for at least 1 month were eligible for the study. On hospital admission, APD patients were switched to continuous ambulatory PD during their acute phase of peritonitis. All patients received four exchanges per day with dialysate volumes of 2 L per exchange. PD solutions used were either Dianeal (1.5% or 2.5% glucose; Baxter Healthcare, Deerfield, IL) or Stay Safe (1.5% or 2.3% glucose; Fresenius Medical Care, Bad Homburg, Germany). For some patients, Extraneal (7.5% icodextrin; Baxter Healthcare, Deerfield, IL) was used for a long dwell; however, none of these patients had ip gentamicin added to their Extraneal dialysis fluid. The study included patients with different peritoneal membrane transporter statuses (low average, high average, and high transporters). Patients who received a course of ip antibiotics in the preceding 2 weeks were not eligible for the study.
This study was performed in a 986-bed tertiary referral hospital. 
Study Protocol
Drug dosing was as prescribed by clinicians based on the local hospital Peritonitis Treatment Protocol that reflects the International Society for Peritoneal Dialysis Peritonitis Treatment Recommendations (3) . A gentamicin dose of 0.6 mg/kg was added to a 2-L bag of dialysate, and the bag was shaken to ensure adequate mixing of drug in dialysate. The antibiotic containing dialysate was infused into the peritoneal cavity and allowed to dwell for 6 hours. Serial blood samples were collected in lithium heparin-coated blood collection tubes from an indwelling peripheral intravenous cannula after the instillation of the ip antibiotic. Blood samples (5 ml each) were collected at 1, 3, 6, 7, and 24 hours after the ip antibiotic dose. Dialysate samples (10 ml each) were collected at 3 and 6 hours and the end of the three subsequent dialysis exchanges up to 24 hours after the first ip antibiotic dose. Samples collected were stored on ice; the blood samples were then centrifuged at 3,000 rpm, and the plasma aliquots and dialysate samples were all stored at 280°C until assayed. A 24-hour urine collection was also performed at the start of the study to determine patient's residual renal function. Urinary creatinine clearance over 24 hours corrected for body surface area was calculated according to the equation Clinical and demographic data were also collected for each patient, including their peritoneal membrane transporter status as classified by the standardized peritoneal equilibration test (22) .
Assay Method
Gentamicin concentrations in plasma and peritoneal dialysate were determined using a validated liquid chromatography tandem mass spectrometry assay method on an API 2000 Mass Spectrometer (Applied Biosystems). The stationary phase was a Phenomenex Luna C 18 column (5 mm, 5032 mm), and the mobile phase was 50% methanol/50% 0.11 M trifluoroacetic acid. Tobramycin was used as the internal standard. Gentamicin standards and quality controls (QCs) were prepared in matrices of plasma and peritoneal dialysate.
For plasma samples, 200 ml plasma was diluted with the internal standard and deproteinated with 30% trichloroacetic acid before 20 ml supernatant was injected. For peritoneal dialysate samples, 500 ml peritoneal dialysate was diluted with 0.1% formic acid and internal standard. A sample cleanup process was carried out, which involved loading the diluted sample onto an Oasis MCX solid-phase extraction cartridge. A wash step using 0.1% formic acid (10 ml) was undertaken for each sample before gentamicin was eluted from the solid-phase extraction cartridge using a 50% methanol/50% ammonium hydroxide solution. The eluent was dried and reconstituted with 50% methanol/50% formic acid (0.1%), and 10 mL reconstituted solution was then injected.
Linearity was validated from 0.25 to 125 mg/L (plasma) and from 0.5 to 50 mg/L (peritoneal dialysate). Accuracy and precision were determined from n=6 replicates of QCs at high, medium, and low concentrations. For both plasma and peritoneal dialysate, intraday precision was within 10%, and intraday accuracy was within 15% at all QC levels. Interday precision ranged between 6% and 18% at the different QC levels, whereas interday accuracy was within 10% at all QC levels for both plasma and peritoneal dialysate.
Pharmacokinetic Analysis
A noncompartmental pharmacokinetic approach was used to analyze the data. The equations and methods used to calculate the various pharmacokinetic parameters are outlined in Table 1 .
Statistical Analyses
Continuous variables are expressed as median (interquartile range). Statistically significant differences in pharmacokinetic parameters between the anuric and nonanuric patients were calculated using the Wilxocon Mann-Whitney test. Specific pharmacokinetic parameters were transformed to normal distribution, and the differences between peritoneal membrane types were tested using linear regression analysis. P value,0.05 was considered statistically significant. Statistical analysis was conducted using Stata Statistical Software: Release 10 (Stata Corporation, College Station, TX).
Results
A total of 24 PD patients with peritonitis were enrolled. A summary of the clinical and demographic data are presented in Table 2 . Figure 1 presents the concentration-time profile of gentamicin in plasma and peritoneal dialysate after ip administration of gentamicin.
The pharmacokinetic parameters observed and calculated from gentamicin concentrations in plasma and peritoneal dialysate are summarized in Table 3 and also Table 4 summarizes significant differences in pharmacokinetic parameters between patients with different peritoneal membrane transporter status. The proportion of drug absorbed (bioavailability; F) differed in patients based on the membrane transporter status (P=0.03, r 2 =0.30), with greater bioavailability observed among high average and high transporters than low average transporters. The equilibration half-life (t 1/2, eq ) also differed between patients based on the membrane transporter status (P=0.04, r 2 =0.48), with shorter equilibration time among patients with high average and high transporter status compared with low average transporters.
The difference in mean plasma elimination half-life (t 1/2, el ) between anuric and nonanuric patients (28.766.3 versus 21.964.6 hours) was also found to be statistically significant (P=0.03), with nonanuric patients having residual creatinine clearance ranging from 1 to 11 ml/min per m 2 .
Discussion
This study is the largest pharmacokinetic study to date of ip gentamicin in PD patients with peritonitis. Our results show that a significant proportion of a gentamicin dose administered intraperitoneally is absorbed into the systemic circulation. The mean systemic absorption of ip gentamicin Figure 1 . | Gentamicin plasma and peritoneal dialysate concentrations in peritoneal dialysis patients with peritonitis. The figure shows the concentration-time profile of gentamicin in plasma and peritoneal dialysate of 24 peritoneal dialysis patients with peritonitis after the first dose of intraperitoneal gentamicin (0.6 mg/kg) was added to a 2-L bag of peritoneal dialysis fluid and allowed to dwell in the peritoneal cavity for 6 hours. Patients received four peritoneal dialysis fluid exchanges in a 24-hour period, with one of the dwells being the intraperitonal antibiotic dwell. During the antibiotic dwell, a decrease of gentamicin concentration in peritoneal dialysate was observed together with an increase in plasma concentration of gentamicin, which indicated systemic absorption of intraperitoneal gentamicin. During the nonantibiotic dwell time, slow elimination of gentamicin from plasma was observed, indicating a prolonged plasma elimination half-life in this patient population. All values are reported as n (%) or median (interquartile range).
(73616%) in our study conducted in patients with peritonitis was much higher than the absorption that has been reported in two other previous studies conducted in PD patients without peritonitis (49615% and 56611%) (17, 19) . It has been postulated that peritonitis alters the permeability of the peritoneal membrane, meaning that an inflamed peritoneal membrane during the acute phase of peritonitis allows increased absorption of drugs from the peritoneal cavity into the systemic circulation (23) . Our data support previous smaller pharmacokinetic studies with gentamicin and tobramycin that reported statistically significant higher mass transfer coefficients for ip aminoglycosides in patients with active peritonitis infection compared with control patients without peritonitis (6, 24) . This study also described a difference in the fraction of ip dose absorbed between patients grouped according to their peritoneal membrane transport status. Different peritoneal membrane types explain about 30% of the variability observed in the proportion of an ip gentamicin dose absorbed among PD patients with peritonitis. This finding has not been previously shown for gentamicin; however, previous data for ip cephazolin in APD patients showed a trend between peritoneal clearance and transport status as described by 4-hour peritoneal equilibration test values for dialysate to plasma creatinine (r=0.834, P,0.10, n=6) (25). Our results highlight that peritoneal membrane transporter status is one of the factors that can influence the proportion of an ip gentamicin dose absorbed into the systemic circulation. Furthermore, a statistically significant difference was also observed in the equilibration half-life based on membrane transporter status (P=0.04, r 2 =0.48). Our results show that almost one-half of the variability in the time that it takes to achieve 50% equilibration of gentamicin between plasma and peritoneal dialysate is explained by the different peritoneal membrane transporter status (i.e., low average, high average, or high transporters).
After gentamicin is absorbed into the systemic circulation from the peritoneum, it is eliminated from the body predominantly by glomerular filtration but also through PD. The plasma elimination half-life of gentamicin in healthy volunteers is approximately 2 hours; however, in end-stage kidney disease patients who are anuric and not on dialysis, the plasma elimination half-life of gentamicin is reported to be between 50 and 70 hours (26) . In our anuric patients (defined as patients with urine output,100 ml/d), our observed mean half-life of 28.7 hours was shorter than the mean values of 36 hours reported in two previous studies that were conducted in anuric volunteer PD patients without peritonitis (17, 19) . The shorter half-life that we observed is most likely explained by the increased membrane permeability during peritonitis and therefore, increased clearance of gentamicin from the systemic circulation into the peritoneal cavity in our patients with infected and inflamed membranes compared with PD patients without peritonitis. Our study included both anuric and nonanuric PD patients with peritonitis. As expected, we found that anuric patients had a longer half-life compared with nonanuric patients (28.766.3 versus 21.964.6 hours, P=0.03). These findings support the importance of residual renal function in the elimination of gentamicin from the systemic circulation. Maintenance dosing is dependent on the clearance of the drug; however, residual renal function should not be used to determine the initial dosing of ip gentamicin. Basic pharmacokinetic principles dictate that the initial dosing of a drug should be based on volume of distribution and not clearance. We raise this important point, because the current International Society for Peritoneal Dialysis Peritonitis Treatment Recommendations (7) have a general recommendation that nonanuric patients should receive a 25% higher ip antibiotic dose for renally eliminated drugs. This dosing is not used in our hospital, and all patients in our study received 0.6 mg/kg ip gentamicin. When administered the same ip gentamicin dose, we observed no difference in mean peak plasma concentration between anuric and nonanuric patients on the first day of ip antibiotic therapy. Furthermore, all patients, regardless of their residual renal function, achieved adequate peak drug concentrations in the peritoneal cavity, the main site of infection. Based on this information and from a pharmacokinetic and pharmacodynamic perspective, we are of the opinion that residual renal function should not be used empirically as a determining factor in prescribing a higher initial dose of ip gentamicin to nonanuric patients.
After initial dosing of the drug, plasma gentamicin concentration is often monitored in clinical practice and used as a guide to determine if and when redosing should occur. The main concern for clinicians is the risk of nephrotoxicity and ototoxicity with accumulation of gentamicin in the systemic circulation after subsequent repeated dosing. Trough plasma gentamicin concentrations of ,2 mg/L have generally been targeted based on evidence from early studies showing increased nephrotoxicity with trough levels greater than 2 and 4 mg/L (27, 28) . Ototoxicity, however, has been associated with peak plasma concentrations above 12 mg/L (29). In our study, a median trough plasma concentration of 1.9 mg/L was observed at 24 hours after the first ip gentamicin dose. A previous pharmacokinetic study by Tosukhowong et al. (18) reported mean trough concentrations of 1.1 and 2.2 mg/L on days 1 and 5, respectively, of ip gentamicin therapy, suggesting that drug accumulation occurs with repeated dosing. Monitoring of plasma gentamicin concentrations is still necessary to minimize the potential for toxicity.
Although minimizing the drug concentration in plasma is important to reduce antibiotic toxicity, drug concentration in the peritoneal cavity, the main site of infection, is the major factor in determining antibiotic efficacy. Recent papers have described how aminoglycosides can be best used to optimize efficacy by concentration-dependent killing (8, 30) . The present International Society for Peritoneal Dialysis Peritonitis Treatment Recommendations (7) do not strictly reflect these principles, and therefore, there may be scope to optimize the use of aminoglycosides. For aminoglycosides, the Cmax:MIC and the area under the curve to MIC ratio (AUC: MIC) are the pharmacokinetic/pharmacodynamic indices that correlate with antibacterial efficacy (8) . A review of data from animal in vivo and human clinical studies suggests that a Cmax:MIC of 8-10 and AUC:MIC of 80-100 are the general pharmacokinetic/pharmacodynamic targets for aminoglycosides (9) . In vitro studies also support that a Cmax:MIC of greater than eight is also important in preventing the emergence of resistant subpopulations of bacteria (31) .
The duration of the PAE of antibiotics can vary for different bacteria and is also dependent on the different antibiotic exposure concentrations, with longer duration of the PAE observed after exposure to higher concentrations. The PAE duration for aminoglycosides against Gramnegative bacilli has been reported to be up to 7.5 hours in in vivo animal infection models (10) . A study by Low et al. (19) on the pharmacokinetics of once-daily ip gentamicin raised some concerns that nonanuric patients would be exposed to prolonged periods of time with subtherapeutic gentamicin concentrations in plasma and dialysate. Rather than use the duration of time that concentrations remain above the MIC as the pharmacodynamic target to define ip gentamicin efficacy, we would argue that a Cmax:MIC of 8-10 in peritoneal dialysate should be the appropriate target based on an understanding of the pharmacodynamic properties of the drug. With the current recommended ip gentamicin dose (0.6 mg/kg) administered once-daily and assuming an MIC 90 of 2 mg/L for most commonly encountered susceptible Gram-negative organisms, our peritoneal dialysate concentration data showed peak gentamicin concentrations of greater than 16-20 mg/L (i.e., 8-103MIC) for at least the first 30-60 minutes of the ip antibiotic dwell time (when at least 40 mg gentamicin was added to a 2-L bag of dialysate). By 3 hours, approximately 50% of the ip dose had been absorbed into the systemic circulation. At the end of the recommended 6-hour antibiotic dwell time, approximately three-quarters of the total ip dose had been absorbed. Therefore, if a shorter dwell time was used for ip gentamicin instead of the recommended 6 hours, it would still result in the same Cmax:MIC ratio in peritoneal dialysate but lower systemic absorption into the systemic circulation and decreased potential for toxicities.
Although the Cmax:MIC ratio in the peritoneal cavity would not change with a shorter dwell time, the AUC:MIC ratio in the peritoneal cavity would decrease with shorter antibiotic exposure. Given that the rate of bacterial killing is primarily correlated with Cmax:MIC, achieving this pharmacokinetic/pharmacodynamic target should be considered an essential part of ip gentamicin dosing. The AUC:MIC has also been correlated with efficacy, albeit to a lesser extent; however, the long ip gentamicin dwell time required to achieve this exposure target is intrinsically linked with higher systemic absorption and increased risk of toxicity. Therefore, it is reasonable to ensure the Cmax:MIC target is achieved, even at the expense of decreased AUC:MIC with a shorter antibiotic dwell time. Furthermore, in current clinical practice where a long 6-hour dwell time is recommended, ip gentamicin doses are often withheld by day 2 or 3 of therapy, because plasma gentamicin concentrations are deemed high (.2 mg/L). This often results in prolonged periods of up to 48 hours or more that the ip gentamicin dose is withheld, and therefore, there is no exposure during this time to a high peak concentration of gentamicin in the peritoneal cavity, which is required for maximal bacterial killing. This approach of using a shorter ip gentamicin dwell time would minimize systemic absorption and result in lower trough plasma concentrations; thus, it would enable more consistent daily dosing (with less doses being withheld), which would result in more effective bacterial killing and potentially shorter courses of therapy. The safety and efficacy of a shorter ip gentamicin dwell time will need to be studied in clinical practice. Merely reducing the current ip gentamicin dose instead of reducing the ip antibiotic dwell time would not be the appropriate solution for this class of antibiotic considering its concentration-dependent pharmacodynamic effect.
In our view, the primary limitation of this study is that we were unable to follow up with patients on subsequent days to determine whether pharmacokinetics of ip gentamicin changed with resolution of infection and inflammation. Unfortunately, local practice results in patients being discharged from the hospital frequently within 24-72 hours on home ip antibiotic therapy. Because intravenous access is required for pharmacokinetic sampling, ongoing collection was not possible after decannulation. Other limitations include the absence of actual MIC for the causative organism in individual patients. In our discussion, we used an assumed MIC 90 of 2 mg/L for most susceptible Gram-negative organisms based on data from the European Committee on Antimicrobial Susceptibility Testing (http://www.eucast.org/clinical_breakpoints/). Furthermore, antibiotic pharmacodynamics in PD fluid are not very well understood, particularly the interaction between the antibiotic and bacteria in the presence of PD fluid. There is some in vitro data to suggest that, for certain antibiotics, antibiotic susceptibility against certain organisms is diminished in PD fluid, which is reflected by higher MICs when measured in PD fluid compared with standard broth (32) . However, the significance of this finding is poorly understood, because there have been no studies describing the relationship between the concentration in the PD fluid and clinical outcomes in this patient population.
Although the observed peak and trough plasma concentrations were not in the toxic range after the first dose of ip gentamicin, the potential systemic toxicity should not be underestimated in PD patients with peritonitis. The prolonged plasma elimination half-life in this patient population as well as the high systemic absorption (particularly during the acute phase of peritonitis) and the long ip antibiotic dwell time may lead to drug accumulation in the systemic circulation. However, as the peritonitis episode resolves, systemic absorption of ip antibiotics is also likely to decrease with the reduced inflammation of the peritoneal membrane. Taking into consideration the concentration-dependent pharmacodynamics of aminoglycosides, clinical studies comparing short and long ip gentamicin dwell times are required before we can reconsider the current dosing recommendations and guidelines for ip gentamicin in PD patients with peritonitis.
